Over 300 years ago the father of microscopy, Antonie van Leeuwenhoek, observed dried rotifers (tiny animals) "coming back to life" upon rehydration. Since then, scientists have been fascinated by the enduring mystery of how certain organisms survive losing essentially drying out completely. Historically sugars, such as the disaccharide trehalose, have been viewed as major functional mediators of desiccation tolerance. However, some desiccation tolerant organisms do not produce this sugar, hinting that additional mediators, and potentially novel mechanisms exist. It has become apparent that a common theme among such organisms is the production and use of intrinsically disordered proteins (IDPs) to mediate survival in this dry state. However, the basic biology of these proteins -which unlike globular proteins lack persistent three-dimensional structure -is poorly understood, as are the functional mechanisms utilized by these enigmatic proteins that allow them to mediate desiccation tolerance. We purpose that probing the biochemical and biophysical nature of stress-related IDPs will provide mechanistic insights into these fascinating proteins.
Introduction
In most biochemistry classes, students are taught that a protein's function arises from its precise and stable three-dimensional structure. The structure-function paradigm was introduced in the 1890s by Emil Fisher. His "lock and key" analogy [1] for enzyme catalysis posits that the substrate is the key that fits into the enzyme's precisely formed active site "lock." Pauling [2] set this idea on firm chemical ground by stating that the active site is precisely oriented to bind and thereby lower the free energy of the transition state. Wolfenden put Pauling's idea on quantitative footing by showing that enzymes bind transitions states with binding constants approaching 10 25 M
À1
. [3] The structure-function paradigm was overturned near the end of the 20th century by Dunker, [4] Dyson, Wright, [5] Uversky, Fink, [6] Tompa, [7] and others. Quoting a recent review, [8] "Intrinsically disordered proteins and disordered protein regions defy this structure-function paradigm. They do not exhibit stable tertiary structures and exist as dynamic ensembles of interconverting conformers with preferred, nonrandom orientations." Although disordered, IDPs have specific biological functions, and their sequences are conserved. [8, 9] Protein disorder is ubiquitous, occurring across all phyla, and plays key roles in signaling and many regulatory processes. IDPs are far from rare; approximately 30% of all residues in eukaryotic proteins fall into locally disordered regions, with about 10% of proteins being fully disordered, and 75% of signaling proteins contain large amounts of disorder. [10] This paradigm shift presents two key questions for researchers who would like to better understand proteins. First, what biological functions do IDPs perform? Second, what are the mechanisms?
Over the past decade, researchers have identified myriad biological functions for IDPs ranging from determination of membrane curvature to cell signaling and the establishment of membraneless organelles through liquid-liquid phase separation. [8] IDPs, such as Late Embryogenesis Abundant (LEA) proteins and hydrophilins have long been implicated in abiotic stress tolerance. [11] More recently, additional disordered protein families such as Cytosolic, Mitochondrial, and Secreted Abundant Heat Soluble (CAHS, MAHS, and SAHS) proteins, collectively called Tardigrade Disordered Proteins (TDPs) have also been implicated or shown to be involved in abiotic stress toleranceespecially with regard to desiccation tolerance. [12] [13] [14] Although the functional roles have been established, in general, mechanistic roles for these proteins have not. Elucidating the mechanisms by which IDPs mediate stress tolerance is essential, and will inform our understanding of not only stress tolerance, but also IDP biology.
How Might IDPs Mediate Desiccation Tolerance?
tolerate losing essentially all their intracellular water, entering an ametabolic state, and then recommencing metabolism and life upon rehydration (Figure 1) .
Early investigations into desiccation tolerance identified the disaccharide trehalose (and similar sugars, such as sucrose) as a functional mediator of anhydrobiosis. [15] [16] [17] Trehalose accumulates to high levels in many anhydrobiotic organisms upon exposure to desiccating conditions. [18] [19] [20] This sugar is thought to function via two distinct but not mutually exclusive mechanisms, the first being vitrification, or the formation of glass-like solids that encapsulate and protect cellular material during desiccation, and the other being water replacement, where stabilizing hydrogen bonds initially made with water are replaced by hydrogen bonds with trehalose. [21, 22] Despite a number of studies showing the necessity and sufficiency of trehalose to protect biological material from desiccation, it is now known that some anhydrobiotic organisms do not accumulate, or even possess the genes required to make trehalose. [14, 23, 24] These observations do not discount trehalose as an important protectant, but do highlight the fact that other functional mediators must exist. Identifying these mediators and elucidating whether they function through mechanisms similar to that used by trehalose is an essential next step for understanding desiccation tolerance.
In the genomics era, it has become increasingly clear that a common theme among desiccation tolerant organisms, spanning all kingdoms of life, is the expression (either constitutively at high levels or more often in response to desiccation) of small, often hydrophilic, disordered proteins. This phenomenon is observed in seeds, the vegetative tissue of resurrection plants, animals such as tardigrades, rotifers, anhydrobiotic arthropods, and nematodes, as well as in fungi, and bacteria. In several cases these small desiccation related IDPs are functionally essential, sufficient, or both for mediating desiccation tolerance.
Despite overwhelming correlative and functional evidence that IDPs are widespread mediators of desiccation tolerance, their mechanism(s) of protection is largely unknown. Speculation and preliminary studies suggest that desiccation related IDPs function via: vitrification, water replacement, molecular shielding, membrane stabilization, preservation of cellular organization and structure, water retention, and scavenging of reactive oxygen species.
As mentioned above, trehalose likely functions via both vitrification and water replacement to protect organisms from the harmful effects of desiccation. Similarly, stress related IDPs have also been speculated to function via vitrification -either by stabilizing vitrified material, or by forming vitrified solids themselves when dried. [25] For examples, adding disordered proteins to sugar based glasses increases the glass-transition temperature of these vitrified sugars more than control proteins. [26] Not only can IDPs contribute to the strength of sugar-based glasses, they can also undergo vitrificaiton. Denatured proteins (essentially IDPs) have distinct glass transitions (a transition in which a vitrified solid becomes much more viscous and rubbery when heated) when dried. [27] Similarly, peptides encoding consensus sequences from LEA proteins vitrify upon desiccation, suggesting that full-length LEA proteins likely also vitrify when dry. [28] Recently, it was shown that CAHS proteins, a family of IDPs found exclusively in extremotolerant tardigrades, vitrify in vitro when dry. Tardigrades vitrify upon desiccation, [14, 29] and CAHS proteins are either constitutively expressed at high levels, or upregulated dramatically during drying. [14] Additionally, heterologous expression of these proteins in yeast and bacteria both increases the desiccation tolerance of the cells, and results in a novel glass transition not seen in wild type yeast. [14] Furthermore, disrupting this dry, vitrified state by heating tardigrades and yeast past their glass transition temperatures results in death, while heating just below the glass transition temperature does not. [14] This correlation suggests that the vitrified state of these proteins is essential for their protective effects. Further experimentation such as the generation and testing of CAHS mutants with altered glass transition temperatures will be needed before a link between vitrification and protection can be firmly established.
As with trehalose, [21, 22] vitrification of IDPs is not mutually exclusive with other proposed mechanisms, such as water replacement. Currently, no published experiments have assessed the contribution of water replacement to the protective capabilities of IDPs during desiccation. Fourier transform infrared (FTIR) spectroscopy has been used to assess the role of water replacement in trehalose-based protection [22] and this method may prove useful for probing whether IDPs also might work through this protective mechanism.
In 2005, researchers identified LEA proteins that prevent protein aggregation during desiccation, a phenomenon termed www.advancedsciencenews.com www.bioessays-journal.com "molecular shielding." Interestingly, LEA proteins have also been found to protect liposomes with diverse membrane compositions. [30] The mechanisms by which molecular shielding and membrane stabilization occur are not known, but it is conceivable that both could work through vitrification and/or water replacement.
Other mechanisms of IDP mediated protection during desiccation include serving as antioxidants to scavenge reactive oxygen species generated during severe water-loss, acting as hydration buffers to slow the loss of vital hydrating water stores, classic chaperon activity, and polymerization or filament formation that could serve to maintain higher order structures of cells, their organelles, and cellular components. These potential mechanisms are reviewed in detail elsewhere.
Many, if not all, of these mechanisms are not mutually exclusive, and whether a single stress-related IDP can function through multiple mechanisms is by and large unknown. Additionally, we do not understand whether stress-related IDPs function through the same or distinct mechanism(s), either within the same family of IDPs or between protein families and organisms.
How Can We Probe the Biochemical and Biophysical Nature of Stress-Related IDPs?
In addition to understanding the functional role(s) of IDPs in desiccation tolerance, it will be useful to understand the fundamental biophysics and biochemistry of these enigmatic proteins in both the hydrated (solution) state and desiccated (solid) state. Many techniques have been developed and employed to study the biochemical and biophysical nature of ordered (e.g., globular) proteins. However, as discussed next, studying disordered proteins via these methods is sometimes not possible or problematic.
IDPs have no stable three-dimensional structures, making Xray diffraction studies impossible because IDPs cannot form the ordered structures required for crystallization. Techniques such as NMR, light scattering, Förster resonance energy transfer (FRET), small angle X-ray scattering, circular dichroism spectropolarimetry (CD), and sedimentation velocity ultracentrifugation however, can provide information about molecular shape in solution, while electron microscopy and atomic force microscopy, can provide information about the shape of higher order structures, aggregates and fibers. Solidstate NMR will likely be instrumental in understanding IDPs in the dry state. [31] The native dynamic ensemble of IDPs can be probed to quantify their local peptide conformation, their so-called secondary structure, comprising helices, sheets, and turns. Two spectroscopies, FTIR, and CD, are particularly useful because they can quantify secondary structure in both solids and solutions. FTIR is the only routine technique that can be used to quantify protein secondary structure in solutions, gels, and powders. [32, 33] Applying CD [34] depends on measuring the absorbance of light in the ultraviolet region. Conventional CD instruments use simple UV lamps to provide the radiation. Gels, aggregated material and solids scatter more radiation than solutions, limiting the utility of such instruments for anything but solutions. The absorbance problem can be overcome by using synchrotron radiation CD, and recent work shows the structure of IDPs can change between solution and solid. [35] An additional caveat to using CD to probe IDPs is that most databases used to interpret CD data come from analysis of globular proteins. Hopefully IDP-centric CD databases will soon be available, because much of the data needed is already in hand and available through the DisProt database. [36] We end this section with two warnings to investigators attempting to mimic dehydration-induced stress using cosolutes such as synthetic polymers, compatible osmolytes, and small fluorinated molecules. These conditions are used to mimic the increased intracellular crowding that arises upon dehydration, because their high concentration decreases the water content of the sample. The first warning is that synthetic polymers are not good models of the crowded cytoplasm. [37] [38] [39] Second, compounds such as 2,2,2-trifluorethanol convert almost any soluble protein or peptide into an a-helix. Although such compounds are important for understanding desolvation, [40] they may be less relevant for gaining insight into the effects of dehydration.
Understanding how stress-related IDPs behave at a basic biophysical and biochemical level, before, during, and while dry is essential for elucidating their mechanistic roles during desiccation. The tools and resources for these studies need only be optimized for IDPs.
Conclusion and Outlook
Our knowledge of anhydrobiosis has advanced substantially since van Leeuwenhoek gazed at dried rotifers reanimated when hydrated. We now know that the use of IDPs, such as CAHS proteins from tardigrades, LEA proteins from plant seeds and other organisms, and hydrophilins from yeast, to mediate desiccation tolerance is a theme spanning all kingdoms of life. Nevertheless, the mechanisms that these proteins use at even the most basic biochemical and biophysical level is by and large lacking. Just as myriad roles and mechanisms of action have been identified for non-stress related IDPs, the functions and modes of action for stressrelated IDPs will likely be numerous and varied. Elucidating how IDPs behave and function, and the similarities and differences within and between families of stress related IDPs will go a long way to helping us understand not only stress tolerance, but also IDP biology.
Abbreviation
IDP, intrinsically disordered protein.
